INTRODUCTION
============

Cardiovascular disease is the most common cause of death in end-stage renal disease (ESRD) patients.^[@R1]^ In addition to traditional risk factors such as advanced age, hypertension, diabetes, smoking, and dyslipidemia, endothelial dysfunction was found to be implicated in the pathogenesis of cardiovascular events.^[@R2]--[@R4]^ Endothelial cells, which form the lining of blood vessels, play a crucial role in vascular homeostasis.^[@R5]^ By producing and releasing nitric oxide (NO), endothelial cells modulate vascular tone and structure.^[@R6]^ NO induces relaxation of smooth muscle cells with subsequent widening of the arteries.^[@R5],[@R7]^ Therefore, loss of the normal homeostatic endothelial condition results in the activation of smooth muscle cells and intimal hypertrophy, which promote atherosclerosis or arteriosclerosis.^[@R5],[@R8]--[@R10]^

Endothelial dysfunction can be assessed noninvasively as the degree of flow-mediated dilation (FMD) of the brachial artery.^[@R5]^ Lower brachial FMD was revealed to be significantly associated with increased cardiovascular events in patients with hypertension,^[@R11]^ coronary artery disease,^[@R2]^ and peripheral artery disease.^[@R12],[@R13]^ Furthermore, FMD impairment was an independent predictor of cardiovascular outcome in patients with acute coronary syndrome (ACS).^[@R14]--[@R16]^ Fathi et al^[@R17]^ and a recent meta-analysis^[@R5]^ found that an inverse relationship between brachial FMD and future cardiovascular events was stronger in a diseased population than in asymptomatic populations. These results suggest that the prognostic value of endothelial dysfunction could be affected by underlying health status.

Because high mortality rates derived from cardiovascular disease in ESRD patients and renal dysfunction are an established cardiovascular risk factor, investigating the prognostic value of endothelial dysfunction has clinical relevance in these patients. However, to date, only a few studies have been conducted in ESRD patients, and results were conflicting.^[@R7],[@R17]--[@R19]^ Two cohort studies in chronic hemodialysis (HD) patients found no significant differences in mortality between the high- and low-FMD groups.^[@R18],[@R19]^ Although other studies demonstrated that endothelial dysfunction was associated with all-cause mortality in HD patients,^[@R7],[@R17]^ study populations are clinically mixed with heterogeneity such as diabetes that significantly affects FMD, and assessment of venous dilation was performed by plethysmography, which is less NO dependent than arterial dilation. Moreover, the impact of endothelial dysfunction on cardiovascular outcome has never been explored in peritoneal dialysis (PD) patients. Therefore, we investigated whether endothelial dysfunction determined by brachial FMD was an independent predictor of cardiovascular outcome in ESRD patients on PD without a prior history of diabetes and cardiovascular diseases.

SUBJECTS AND METHODS
====================

Ethics Statement
----------------

This study was carried out in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Yonsei University Health System (YUHS) Clinical Trial Center. We obtained informed written consent from all participants involved in the present study.

Study Participants
------------------

In this prospective study, all ESRD patients \>20 years of age who underwent PD for \>3 months at YUHS were initially screened for enrollment between January 2007 and December 2007. Patients were considered eligible if they had no history of malignancy or chronic inflammatory disease such as systemic lupus erythematosus and rheumatoid arthritis, and had no overt infection during the 3 months prior to study entry. We also excluded patients with a history of kidney transplantation, HD prior to PD, diabetes mellitus, previous cardiovascular disease, or any signs of volume overload such as jugular vein distension, weight gain \>2 kg/d with peripheral pitting edema requiring frequent use of hypertonic PD solutions, or pulmonary congestion on chest x-ray.^[@R20]^ Cardiovascular disease was defined as a history of coronary, cerebrovascular, or peripheral vascular disease. Coronary artery disease was defined as a history of angioplasty, coronary artery bypass graft, myocardial infarction, or angina. Cerebrovascular disease was defined as previous transient ischemic attack, stroke, or carotid endarterectomy. Peripheral vascular disease was defined as a history of claudication, ischemic limb loss and/or ulceration or peripheral revascularization procedure. The final analysis included 143 patients. Controls were 32 age- and gender-matched healthy volunteers (Figure [1](#F1){ref-type="fig"}).

![A flow diagram of the study. All ESRD patients \>20 years of age who underwent PD for \>3 months were initially screened for enrollment between January 2007 and December 2007. Excluding 278 patients, a total of 143 patients were enrolled. HD = hemodialysis, SLE = systemic lupus erythematosus.](medi-93-e73-g001){#F1}

Clinical and Biochemical Data Collection
----------------------------------------

Demographic and clinical data were recorded at study entry: age, gender, PD duration, primary renal disease, smoking status, and medication use. Body mass index (BMI) and biochemical data were measured at study enrollment. Patients were weighed in light clothing and their heights were measured without shoes on. BMI was calculated as weight/height^2^ (kg/m^2^). Blood was taken after a 12-hour overnight fast, and the following laboratory data were measured: hemoglobin, glucose, blood urea nitrogen, creatinine, albumin, iron profile, triglyceride, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, calcium, phosphorus, and intact parathyroid hormone concentrations. Insulin resistance was assessed using the homeostasis model assessment-insulin resistance (HOMA-IR) equation as follows: HOMA-IR = (fasting insulin in microunits per milliliter × fasting serum glucose in millimoles per liter/22.5). In addition, high-sensitivity C-reactive protein (hs-CRP) concentrations were determined by a latex-enhanced immunonephelometric method using a Behring Nephelometer II analyzer (Dade Behring, Newark, DE). Residual glomerular filtration rate was estimated by 24-hour urine collection.^[@R21]^ Kt/V urea was determined from the total loss of urea nitrogen in spent dialysate using PD Adequest 2.0 for Windows software (Baxter Healthcare, Deerfield, IL). A modified peritoneal equilibration test was performed with 4.25% glucose dialysis solution as described.^[@R22]^ Dialysate-to-plasma ratio of creatinine (D/P creatinine) and glucose (D/D0 glucose) concentrations at 4 hours of dwell time were used to describe the peritoneal small-solute transport rate.

Assessment of FMD
-----------------

Endothelium-dependent vasodilation was assessed by determining brachial artery FMD, using high-resolution ultrasonography (LOGIQ 7; GE Medical Systems, Milwaukee, WI) as described.^[@R23]^ Subjects were informed to fast overnight; not to exercise; not to ingest substances that might affect FMD, such as caffeine, high-fat foods, or vitamin C; and not to use tobacco for at least 12 hours before measurement. On the day of FMD measurement, blood pressure was determined 3 times with a mercury sphygmomanometer. Baseline diameter (mean of 3 measurements) and peak flow velocity (mean of 2 measurements) of the brachial artery were determined. Thereafter, a pressure cuff on the forearm was inflated to at least 50 mm Hg above systolic blood pressure. The cuff was released to induce reactive hyperemia after 5 minutes, maximum peak flow velocity was measured within 15 seconds and diameter of brachial artery was measured between 45 and 60 seconds. Endothelium-independent vasodilation was tested 15 minutes after the FMD test and after obtaining a new baseline brachial artery diameter value. Changes in brachial artery diameter 5 minutes after administration of 0.4 mg sublingual nitroglycerine (nitroglycerin-mediated dilation \[NMD\]) were measured. FMD and NMD were calculated as percentage changes in the brachial artery diameter relative to the mean baseline diameter during reactive hyperemia and after administration of nitroglycerine, respectively. All ultrasonographic measurements were performed by a single observer who was blinded to patients' clinical information.

Follow-Up and Endpoints
-----------------------

Patients were followed up at 3-month intervals through June 30, 2013. All deaths and hospitalizations were recorded in a serious adverse event database. All events were retrieved from the database and carefully reviewed to determine cardiovascular mortality and incident cardiovascular disease. Primary outcome was a major adverse cardiac and cerebrovascular event (MACCE). MACCEs were defined as death or hospitalization from an ACS, stable angina requiring coronary revascularization using percutaneous coronary intervention or coronary artery bypass grafting, new-onset congestive heart failure, or cerebrovascular attack. ACS was defined as presentation with chest pain and/or ischemic electrocardiographic changes and elevation of troponin T with evidence of infarct by stress imaging or coronary angiography and ventriculography. Cerebrovascular attack was defined as a transient or permanent neurologic deficit with computed tomography or magnetic resonance imaging evidence of cerebral ischemic infarct adjudicated by a neurologist. When a patient died within 60 days after transfer to HD, the death was regarded as a mortality event. Loss of follow-up, renal transplantation, and transfer to HD were censored at the end of PD treatment.

Statistical Analysis
--------------------

Continuous variables were expressed as mean ± standard deviation, or median (interquartile range), and categorical variables as a number (percentage). Normality of distribution was ascertained by the Kolmogorov--Smirnov test. Subjects were divided into 2 groups according to the median value of brachial FMD. To compare the baseline characteristics, Student *t* test or Mann--Whitney *U* test and χ^2^ tests were used for continuous variables and categorical variables, respectively. Univariate and multivariate linear regression analyses were performed to determine significant factors associated with FMD. Cumulative survival curves were generated by the Kaplan--Meier method and between-group survival was compared by a log-rank test. Independent predictive value of FMD for primary outcome was ascertained by Cox proportional hazard regression models, which included significant variables in univariate Cox analysis. In addition, the prognostic value of FMD was also evaluated in a fractional polynomial model. Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) for Windows version 18.0 (SPSS Inc, Chicago, IL) and Stata version 11.0 (StataCorp, College Station, TX). A *P* value \<0.05 was considered statistically significant.

RESULTS
=======

FMD in Controls and PD Patients
-------------------------------

Baseline characteristics of the 143 patients on PD and 32 controls are shown in Table [1](#T1){ref-type="table"}. The mean age was 47.2 ± 7.5 years in controls and 49.5 ± 11.2 years in PD patients. Fourteen patients (43.8%) were men among controls and 69 patients (48.3%) were men among PD patients. No significant differences between PD patients and controls were observed in age, sex, the proportion of smokers, diastolic blood pressure, or BMI. Compared with the control participants, PD patients showed significantly lower FMD (PD vs control, 2.9% \[1.3--4.7\] vs 6.2% \[5.4--8.3\], *P* \< 0.001), whereas NMD was not different between the 2 groups (11.3% \[9.3--14.6\] vs 13.1% \[11.7--14.2\], *P* = 0.44) (Figure [2](#F2){ref-type="fig"}).

###### 

Baseline Characteristics in PD Patients and Controls
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![Endothelial function in PD patients and controls. Box plot of brachial artery FMD (A) and NMD (B) values in PD patients and controls. Boxes represent the interquartile range and the lines denote the median. Error bars are 95% confidence intervals. C = controls, FMD = flow-mediated dilation, NMD = nitroglycerin-mediated dilation, PD = peritoneal dialysis.](medi-93-e73-g003){#F2}

Clinical Characteristics According to FMD Groups
------------------------------------------------

Clinical characteristics of PD patients by FMD groups are shown in Table [2](#T2){ref-type="table"}. Patients were dichotomized as above or below the median value of FMD (2.9%). Compared with the higher FMD groups, the mean age, PD duration, hs-CRP, the proportion of patients taking renin--angiotensin system blockers, and the number of antihypertensive medications were significantly higher, whereas NMDs were significantly lower in the low-FMD groups. No significant differences were seen in sex, primary renal disease, blood pressure, and biochemical variables between the 2 groups.

###### 

Baseline Characteristics of the PD Subjects According to FMD Group

![](medi-93-e73-g004)

Association of FMD With Clinical and Biochemical Parameters in PD Patients
--------------------------------------------------------------------------

In univariate analysis, FMD was negatively associated with age, men, PD duration, BMI, and log hs-CRP concentrations. Multivariate linear regression analysis revealed that age and log hs-CRP levels had independent inverse association with FMD in PD patients (Table [3](#T3){ref-type="table"}).

###### 

Univariate and Multivariate Linear Regression Analysis of Clinical and Biochemical Variables for FMD
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FMD as an Independent Predictor of MACCEs
-----------------------------------------

During a mean follow-up duration of 42.4 ± 21.6 months, 10 patients (7.0%) died from cardiovascular diseases, and the primary outcome was observed in 25 patients (17.5%). Compared with the group with higher FMD values, incidence rates of primary outcome were higher in the group with low FMD values (7.2 and 3.0 per 100 person-years, respectively, *P* = 0.03) (Table [4](#T4){ref-type="table"}). The Kaplan--Meier plot showed that event-free survival rates were significantly lower in the low-FMD group than in high-FMD group (log-rank test, *P* = 0.04) (Figure [3](#F3){ref-type="fig"}). In univariate Cox proportional hazard analysis, older age, higher BMI, and higher HOMA-IR levels as well as low-FMD groups were significant risk factors for primary outcome. In multivariate Cox analysis, low FMD (≤2.9%) was a significant independent predictor of MACCEs (hazard ratio = 2.73, 95% confidence interval = 1.03--7.22, *P* = 0.04) after adjustment for age, sex, PD duration, BMI, HOMA-IR, albumin, and log hs-CRP levels (Table [5](#T5){ref-type="table"}). Furthermore, when FMD was evaluated in fractional polynomial analysis, the risk of MACCE decreased steadily with higher FMD values (Figure [4](#F4){ref-type="fig"}).

###### 

Study Outcomes According to FMD Group
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![Kaplan--Meier plots for primary outcome according to FMD groups. The low-FMD group had a significantly higher risk of MACCEs compared with the high-FMD group (log-rank test, *P* = 0.04). FMD = flow-mediated dilation.](medi-93-e73-g007){#F3}

###### 

Multivariate Cox Proportional Hazard Models of FMD Group for MACCEs
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![Multivariate fractional polynomial graphs for association between FMD and MACCEs. Hazard ratios were calculated after adjustment for age, sex, PD duration, BMI, HOMA-IR, albumin, and hs-CRP concentrations. Shaded areas indicate 95% confidence limits. Abbreviation: FMD = flow-mediated dilation.](medi-93-e73-g009){#F4}

DISCUSSION
==========

Endothelial dysfunction is closely associated with increased cardiovascular risk.^[@R2]--[@R4]^ Because cardiovascular disease is the most common cause of death in ESRD patients,^[@R1]^ investigating the association between endothelial dysfunction and cardiovascular outcome might have a clinical importance in these patients. However, to date, the prognostic value of endothelial dysfunction has not been explored in PD patients. In the present study, brachial FMD was found to be significantly lower in PD patients compared with controls. Furthermore, we demonstrated for the first time that endothelial dysfunction determined by brachial FMD was a significant independent predictor of MACCEs in nondiabetic ESRD patients undergoing PD.

Endothelial cells regulate vascular tone and function by releasing NO, which creates an antiatherogenic milieu by inhibition of platelet aggregation, smooth muscle cell proliferation, and leukocyte adhesion.^[@R24]^ Therefore, malfunction of endothelial cells begins prior to overt atherosclerosis.^[@R9]^ Endothelial dysfunction has been investigated first in coronary arteries.^[@R2],[@R25]^ Cardiovascular events were greater in patients with an abnormal coronary vascular response to acetylcholine or nitroglycerin.^[@R2],[@R25]^ However, the technique used for assessment of coronary artery reactivity is invasive and thus limited to clinical applications.^[@R17]^ Other studies assessed peripheral vascular response by forearm venous plethysmography,^[@R3],[@R4],[@R7]^ in the belief that vascular disease is a systemic process.^[@R10]^ Although patients with decreased response had more adverse cardiovascular events, venous dilation during plethysmography is less NO dependent than arterial dilation.^[@R17]^ In this regard, brachial artery FMD is a useful method to examine vascular reactivity noninvasively and to reflect NO-dependent vascular response in consistency with coronary reactivity.^[@R9]^

A recent meta-analysis of 23 studies of 14,753 subjects revealed that low FMD was significantly associated with increased cardiovascular risk.^[@R5]^ Of note, this inverse relationship between FMD and cardiovascular disease was strengthened in diseased subjects and Asian populations, suggesting that the prognostic significance of FMD was affected by underlying health status and ethnicity.^[@R5]^ In support, studies on asymptomatic general populations did not find an independent prognostic value of FMD.^[@R26]--[@R28]^ Similar results were also found in nondiabetic, intermediate-risk (5% \< Framingham risk score \< 20%) patients.^[@R29]^ In contrast, low-brachial FMD was significantly associated with increased cardiovascular events in patients with hypertension,^[@R11]^ coronary artery disease,^[@R2]^ or peripheral artery disease.^[@R12],[@R13]^ In a comparative study of non-ST-segment elevation-ACS and stable coronary artery disease, FMD was significantly impaired in the acute stage of non-ST-segment elevation-ACS, compared with a stable coronary artery disease group. Moreover, FMD at 3 months after the acute event was an independent predictor of cardiac death or readmission for new ACS or angina pectoris recurrence.^[@R16]^

Because uremia has been considered a nontraditional cardiovascular risk factor,^[@R30]^ a significant association between endothelial dysfunction and increased cardiovascular risk might be expected in ESRD patients. Previous studies indicated that endothelial function was impaired in ESRD patients compared with controls.^[@R7],[@R31],[@R32]^ Furthermore, brachial FMD was significantly lower in HD patients than predialysis chronic kidney disease and kidney transplant patients.^[@R33]^ In this study, FMD was significantly decreased in PD patients compared with controls in accordance with prior studies, and NMD was comparable between PD patients and controls. Although all subjects did not meet the diagnostic criteria for diabetes,^[@R34]^ fasting plasma glucose and HOMA-IR were significantly higher in PD patients as compared with controls. Glucose absorption via glucose-based dialysate has been known to result in hyperglycemia and hyperinsulinemia in PD.^[@R35]^ In a study of 252 nondiabetic patients who newly started PD, impaired fasting glucose (IFG) was observed in 138 (54.8%) patients after 1 month of PD therapy.^[@R36]^ In the present study, our PD subjects were prevalent patients with median dialysis vintage of 71 months and the proportion of IFG were higher in the PD group (PD vs controls, 29 \[20.3%\] vs 2 \[6.2%\], *P* = 0.06). Because the impairment of brachial FMD might be attributed to higher fasting plasma glucose and HOMA-IR levels, we excluded 31 patients with IFG to mitigate the confounding effect of hyperglycemia. Brachial FMD was significantly impaired in the PD group even after excluding subjects with IFG (PD vs control, 3.1% \[1.3--5.2\] vs 6.7% \[5.3--8.4\], *P* \< 0.001). Meanwhile, PD patients had significantly elevated systolic blood pressure compared with controls in our study. Even though hypertension is known to be implicated in increased arterial stiffness leading to endothelial dysfunction,^[@R37],[@R38]^ systolic blood pressure (β = −0.070, *P* = 0.408) and diastolic blood pressure (β = 0.223, *P* = 0.056) had no associations with FMD in PD patients in univariate linear regression analysis. However, the proportion of taking renin--angiotensin system blockers and the number of antihypertensive medications were higher in the low-FMD group. Therefore, we inferred that the condition requiring more antihypertensive medication, rather than the actual value of blood pressure, might contribute to endothelial dysfunction.

To date, few studies investigated the prognostic impact of endothelial dysfunction on clinical outcome in ESRD patients. Furthermore, the association between endothelial dysfunction and clinical outcomes has not been explored in ESRD patients on PD. London et al^[@R7]^ have shown that decreased flow debt repayment was independently associated with all-cause mortality in 78 prevalent HD patients. However, they evaluated forearm postischemic vasodilation by venous plethysmography to assess endothelial function. In the study of Fathi et al,^[@R17]^ even though FMD is lower in patients who have experienced cardiovascular events, FMD was not of independent prognostic value in these patients. Study participants had preexisting multiple risk factors such as diabetes or previous coronary artery diseases. We included selective PD patients without a prior history of diabetes and cardiovascular diseases to reach homogeneity in the study population. In the present study, we showed for the first time that low brachial FMD was a significant independent predictor of MACCEs in PD patients.

Decreased FMD is associated with cardiovascular end-organ damage including left ventricular hypertrophy, vascular calcification, increased arterial stiffness, and carotid atherosclerosis.^[@R37],[@R38]^ The mechanism by which FMD affects cardiovascular outcome in PD patients has several possibilities. An increase in serum mediators of endothelial function, such as asymmetric dimethylarginine (ADMA) and endothelin-1 (ET-1), is a candidate. ADMA, a natural inhibitor of endothelial NO synthase, has been known to increase according to the decline of residual renal function.^[@R39],[@R40]^ ET-1, a vasoconstrictor produced by endothelial cells, is found to be elevated in dialysis patients, resulting in suppression of endothelial-dependent dilation.^[@R39],[@R41]^ These impaired vascular responses are suggested to lead to dysregulation of coronary blood flow, limiting the ability of the myocardium to increase cardiac output and leading to ischemia and stunning.^[@R39],[@R41]^ In addition, chronic inflammation is closely associated with abnormal endothelial function in dialysis patients.^[@R20],[@R42]--[@R44]^ In this study, brachial FMD had a significant inverse relationship with hs-CRP levels, consistent with prior studies.^[@R20],[@R42]--[@R44]^ Based on evidences that chronic inflammation plays a crucial role in the development of atherosclerosis,^[@R45]^ we surmise that endothelial dysfunction leads to unfavorable cardiovascular outcomes in association with inflammation.

The current study has several limitations. First, the study subjects were all Korean prevalent PD patients in a single center, with a relatively long duration of PD. Although the prognostic impact of residual renal function has been demonstrated in several prospective studies,^[@R46]--[@R49]^ residual renal function was not significantly associated with the primary outcome in this study. This finding can be explained by the characteristics of our subjects, long-term maintenance PD patients with deteriorated residual renal function. Thus, selection bias is possible and the results might not be generalized to other populations. Our findings need to be confirmed in a long-term study with a large number of subjects. Second, the cardiovascular mortality was relatively low compared with mortality in previous studies on Western ESRD patients.^[@R50]^ We infer that ethnicity and patient characteristics contribute to this difference in mortality. Because we enrolled patients who were nondiabetic and had no previous history of cardiovascular disease, it is possible that patients with severe endothelial dysfunction were not included in this study. However, our enrollment criteria allowed us to focus on the independent association between endothelial dysfunction per se and cardiovascular outcome in PD patients and exclude the confounding effects of diabetes and comorbid disease. Third, other methods representing vascular function such as pulse wave velocity and carotid intima medial thickness were not determined. Lastly, we cannot exclude the effect of residual and unmeasured confounders due to the limitation of observational study. Nevertheless, our results support that FMD is a surrogate marker of vascular health and a widely used noninvasive and reliable measurement of endothelial function.^[@R5],[@R20]^

In conclusion, this study demonstrated for the first time that impairment of FMD is a significant independent predictor of MACCEs in PD patients. Considering the significant association between endothelial dysfunction and cardiovascular risk, estimating endothelial function by brachial FMD could be a useful tool to stratify cardiovascular risk in PD patients.

Abbreviations: ACS = acute coronary syndrome, ADMA = asymmetric dimethylarginine, BMI = body mass index, ESRD = end-stage renal disease, ET-1 = endothelin-1, FMD = flow-mediated dilation, HD = hemodialysis, HOMA-IR = homeostasis model assessment-insulin resistance, hs-CRP = high-sensitivity C-reactive protein, IFG = impaired fasting glucose, MACCE = major adverse cardiac and cerebrovascular event, NMD = nitroglycerin-mediated dilation, NO = nitric oxide, PD = peritoneal dialysis.
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